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(57) ABSTRACT

Embodiments of the disclosure are drawn to apparatuses,
systems, and methods for analog row access rate determi-
nation. Accesses to different row addresses may be tracked
by storing one or more recerved addresses 1n a slice of stack.
Each slice includes an accumulator circuit which provides a
voltage based on charge on a capacitor. When a row address
1s received, 1t may be compared to the row addresses stored
in the stack, and 1f there 1s a match, the charge on the
capacitor 1n the associated accumulator circuit 1s increased.
Each slice may also include a voltage to time (VtoT) circuit
which may be used to i1dentity the highest of the voltages
provided by the accumulator circuits. The row address
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APPARATUSES, SYSTEMS, AND METHODS
FOR ANALOG ACCUMULATOR FOR

DETERMINING ROW ACCESS RATE AND
TARGET ROW ADDRESS USED FOR
REFRESH OPERATION

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application 1s a divisional of U.S. patent application

Ser. No. 16/548,027 filed Aug. 22, 2019 and issued as U.S.
Pat. No. 10,964,378 on Mar. 30, 2021. The atorementioned
application, and issued patent, 1s incorporated herein by
reference, 1n 1ts entirety, for any purpose.

BACKGROUND

Information may be stored on individual memory cells of
the memory as a physical signal (e.g., a charge on a
capacitive element). The memory may be a volatile memory,
and the physical signal may decay over time (which may
degrade or destroy the information stored in the memory
cells). It may be necessary to periodically refresh the infor-
mation 1n the memory cells by, for example, rewriting the
information to restore the physical signal to an initial value.

As memory components have decreased in size, the
density of memory cells has greatly increased. An auto-
refresh operation may be carried out where a sequence of
memory cells are periodically refreshed. Repeated access to
a particular memory cell or group of memory cells (often
referred to as a ‘row hammer’) may cause an increased rate
of data degradation in nearby memory cells. It may be
desirable to i1dentily and refresh memory cells aflected by
the row hammer 1n a targeted refresh operation 1n addition
to the auto-refresh operation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a semiconductor device
according to at least one embodiment of the disclosure.

FIG. 2 1s a block diagram of a refresh control circuit
according to an embodiment of the present disclosure.

FIGS. 3A-3B are block diagrams of a stack and slices of
the stack, respectively, according to an embodiment of the
present disclosure.

FIG. 4 1s a schematic diagram of a content addressable
memory (CAM) cell according to an embodiment of the
present disclosure.

FIG. 5 15 a schematic diagram of an example accumulator
circuit according to an embodiment of the present disclo-
sure.

FIG. 6 1s a schematic diagram of a voltage to time (VtoT)
circuit according to an embodiment of the present disclo-
sure.

FIG. 7 1s a flow chart of a method of analog row access
rate determination according to an embodiment of the pres-
ent disclosure.

DETAILED DESCRIPTION

The following description of certain embodiments 1s
merely exemplary 1n nature and 1s 1n no way intended to
limit the scope of the disclosure or 1ts applications or uses.
In the following detailed description of embodiments of the
present systems and methods, reference 1s made to the
accompanying drawings which form a part hereof, and
which are shown by way of illustration specific embodi-
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ments 1n which the described systems and methods may be
practiced. These embodiments are described in suflicient
detail to enable those skilled in the art to practice presently
disclosed systems and methods, and 1t 1s to be understood
that other embodiments may be utilized and that structural
and logical changes may be made without departing from
the spirit and scope of the disclosure. Moreover, for the
purpose ol clarity, detailed descriptions of certain features
will not be discussed when they would be apparent to those
with skill 1n the art so as not to obscure the description of
embodiments of the disclosure. The following detailed
description 1s therefore not to be taken in a limiting sense,
and the scope of the disclosure 1s defined only by the
appended claims.

A memory device may include a plurality of memory
cells. The memory cells may store information (e.g., as one
or more bits), and may be orgamized at the intersection of
word lines (rows) and bit lines (columns). Each word line of
the memory device may be associated with a row address.
When a given word line 1s accessed, a row address may be
provided which specifies which row 1s being accessed.

Information 1n the memory cells may decay over time.
The memory cells may be refreshed on a row-by-row basis
to preserve information in the memory cells. During a
refresh operation, the information in one or more rows may
be rewritten back to the respective rows to restore an 1nitial
value of the information. Repeated accesses to a given row
(c.g., an aggressor row) may cause an increased rate of
information decay in nearby rows (e.g., victim rows). Victim
rows may be refreshed as part of a targeted refresh operation.
It may be important to track accesses to word lines of the
memory 1n order to perform targeted refresh operations
before information 1s lost 1 the victim rows. Tracking
accesses as a bmmary number (e.g., with a counter) may
require a relatively large amount of space on a chip. It may
be desirable to track accesses 1n a manner which requires a
minimal amount of space and power.

The present disclosure 1s drawn to apparatuses, systems,
and methods for analog row access rate determination.
When a row 1s accessed, its row address may be compared
the row addresses stored 1n the files (e.g., registers) of a stack
(e.g., register stack, data storage unit). If there 1s a match, a
match signal may be provided to an accumulator circuit
associated with that file. The accumulator circuit includes a
capacitor, and responsive to the match signal an amount of
charge 1s added to the capacitor. The accumulator circuit
may also allow the charge to drain out of the capacitor over
time. The accumulator circuit may provide a voltage based
on the current charge on the capacitor. Accordingly, the
voltage may represent a rate at which the row stored in the
associated file 1s accessed. Each file may also be associated
with a voltage to time (Vtol) circuit, which may use the
voltage provided by the associated accumulator circuit to
determine which of the files includes an address with a
fastest access rate and/or a slowest access rate.

FIG. 1 1s a block diagram of a semiconductor device
according to at least one embodiment of the disclosure. The
semiconductor device 100 may be a semiconductor memory
device, such as a DRAM device integrated on a single
semiconductor chip.

The semiconductor device 100 includes a memory array
112. In some embodiments, the memory array 112 may
include of a plurality of memory banks. Each memory bank
includes a plurality of word lines WL, a plurality of bit lines
BL and/BL, and a plurality of memory cells MC arranged at
intersections of the plurality of word lines WL and the
plurality of bit lines BL and/BL. The selection of the word
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line WL 1s performed by a row control 108 and the selection
of the bit lines BL and BL 1s performed by a column control
110. In some embodiments, there may be a row control 108
and column control 110 for each of the memory banks.
The bit lines BL and/BL are coupled to a respective sense

amplifier (SAMP) 117. Read data from the bit line BL or/BL

1s amplified by the sense amplifier SAMP 117, and trans-
ferred to read/write amplifiers 120 over complementary
local data lines (LIOT/B), transfer gate (1G) 118, and

complementary main data lines (MIO). Conversely, write
data outputted from the read/write amplifiers 120 1s trans-
ferred to the sense amplifier 117 over the complementary
main data lines MIO, the transfer gate 118, and the comple-
mentary local data lines LIOT/B, and written 1n the memory
cell MC coupled to the bit line BL or/BL.

The semiconductor device 100 may employ a plurality of
external terminals that include command and address (C/A)
terminals coupled to a command and address bus to receive

commands and addresses, clock terminals to receive clocks
CK and/CK, data terminals DQ) to provide data, and power

supply terminals to receive power supply potentials VDD,

VSS, VDDQ, and VSSQ.

The clock terminals are supplied with external clocks CK
and/CK that are provided to a clock input circuit 122. The
external clocks may be complementary. The clock nput
circuit 122 generates an internal clock ICLK based on the
CK and/CK clocks. The ICLK clock 1s provided to the
command control 106 and to an internal clock generator 124.

The mternal clock generator 124 provides various internal
clocks LCLK based on the ICLK clock. The LCLK clocks
may be used for timing operation of various internal circuits.
The mternal data clocks LCLK are provided to the mput/
output circuit 126 to time operation of circuits included 1n
the mnput/output circuit 126, for example, to data receivers to
time the receipt of write data.

The C/A terminals may be supplied with memory
addresses. The memory addresses supplied to the C/A
terminals are transferred, via a command/address input
circuit 102, to an address decoder 104. The address decoder
104 receives the address and supplies a decoded row address

XADD to the row control 108 and supplies a decoded
column address YADD to the column control 110. The
address decoder 104 may also supply a decoded bank
address BADD, which may indicate the bank of the memory
array 118 containing the decoded row address XADD and
column address YADD. The C/A terminals may be supplied
with commands. Examples of commands include timing
commands for controlling the timing of various operations,
access commands for accessing the memory, such as read
commands for performing read operations and write com-
mands for performing write operations, as well as other
commands and operations. The access commands may be
assoclated with one or more row address XADD, column
address YADD, and bank address BADD to indicate the
memory cell(s) to be accessed.

The commands may be provided as internal command
signals to a command control 106 via the command/address
input circuit 102. The command control 106 includes cir-
cuits to decode the internal command signals to generate
vartous 1nternal signals and commands for performing
operations. For example, the command control 106 may
provide a row command signal to select a word line and a
column command signal to select a bit line.

The device 100 may receive an access command which 1s
a row activation command ACT. When the row activation
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command ACT 1s recetved, a bank address BADD and a row
address XADD are timely supplied with the row activation
command ACT.

The device 100 may receive an access command which 1s
a read command. When a read command 1s received, a bank
address and a column address are timely supplied with the
read command, read data 1s read from memory cells 1n the
memory array 112 corresponding to the row address and
column address. The read command 1s received by the
command control 106, which provides internal commands
so that read data from the memory array 112 1s provided to
the read/write amplifiers 120. The read data 1s output to
outside from the data terminals DQ wvia the input/output
circuit 126.

The device 100 may receive an access command which 1s
a write command. When the write command 1s received, a
bank address and a column address are timely supplied with
the write command, write data supplied to the data terminals
DQ 1s written to a memory cells 1 the memory array 112
corresponding to the row address and column address. The
write command 1s recerved by the command control 106,
which provides internal commands so that the write data 1s
received by data recervers in the mput/output circuit 126.
Write clocks may also be provided to the external clock
terminals for timing the receipt of the write data by the data
receivers of the mput/output circuit 126. The write data 1s
supplied via the mput/output circuit 126 to the read/write
amplifiers 120, and by the read/write amplifiers 120 to the
memory array 112 to be written into the memory cell MC.

The device 100 may also receirve commands causing it to
carry out refresh operations. A refresh signal AREF may be
a pulse signal which 1s activated when the command control
106 receives a signal which indicates a refresh command. In
some embodiments, the refresh command may be externally
1ssued to the memory device 100. In some embodiments, the
reifresh command may be periodically generated by a com-
ponent of the device. In some embodiments, when an
external signal indicates a self-refresh entry command, the
refresh signal AREF may also be activated. The refresh
signal AREF may be activated once immediately after
command 1nput, and thereafter may be cyclically activated
at desired internal timing. Thus, refresh operations may
continue automatically. A self-refresh exit command may
cause the automatic activation of the refresh signal AREF
top and return to an IDLE state.

The refresh signal AREF 1s supplied to the refresh control
circuit 116. There may be a refresh control circuit 116
associated with each bank. The refresh control circuits 116
may receive the refresh signal AREF in common, and may
generate and provide one or more refresh row address(es)
RXADD 1n order to perform one or more refresh operations
in the associated memory bank. In some embodiments, a
subset of the memory banks may be given refresh com-
mands. For example, one or more additional signals may
indicate which of the refresh control circuits 116 should
provide refresh address(es) responsive to AREF. In another
example, AREF may only be provided to refresh control
circuits 116 which are associated with the subset of memory
banks which are refreshing.

Focusing on the operation of a given refresh control
circuit, the refresh control circuit 116 supplies a refresh row
address RXADD to the row control 108, which may refresh
one or more wordlines WL 1indicated by the refresh row
address RXADD. The refresh control circuit 116 may con-
trol a timing of the refresh operation based on the refresh
signal AREF. In some embodiments, responsive to an acti-
vation of AREF, the refresh control circuit 116 may generate
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one or more activations of a pump signal, and may generate
and provide a refresh address RXADD for each activation of
the pump signal (e.g., each pump).

Since the various refresh control circuits are coupled 1n
common to AREF, multiple memory banks of the device 100
may simultaneously perform refresh operations. Each
refresh control circuit 116 may be controlled to change
details of the refreshing address RXADD (e.g., how the
refresh address 1s calculated, the timing of the refresh
addresses), or may operate based on internal logic. The
refresh control circuit 116 may direct the associated memory
bank to perform different types of refresh operation based on
the provided refresh address RXADD.

One type of refresh operation may be an auto-reiresh
operation. Responsive to an auto-reiresh operation the
memory bank may refresh a group of rows of the memory,
and then may refresh a next group of rows of the memory
bank responsive to a next auto-refresh operation. The refresh
control circuit 116 may provide a refresh address RXADD
which indicates a group of wordlines 1n the memory bank.
The refresh control circuit 116 may generate a sequence of
refresh addresses RXADD such that over time the auto-
refresh operation may cycle through all the wordlines WL of
the memory bank. The timing of refresh operations may be
such that each wordline 1s refreshed with a frequency based
on a normal rate of data degradation 1n the memory cells.

Another type of refresh operation may be a targeted
refresh operation. Repeated access to a particular row of
memory (€.g., an aggressor row ) may cause an increased rate
of decay in neighboring rows (e.g., victim rows) due, for
example, to electromagnetic coupling between the rows. In
some embodiments, the victim rows may include rows
which are physically adjacent to the aggressor row. In some
embodiments, the victim rows may include rows further
away from the aggressor row. Information 1n the victim rows
may decay at a rate such that data may be lost if they aren’t
refreshed before the next auto-refresh operation of that row.
In order to prevent information from being lost, 1t may be
necessary to identily aggressor rows and then carry out a
targeted refresh operation where a refresh address RXADD
associated with one or more associated victim rows 1s
refreshed.

The refresh control circuit 116 may track accesses to
various wordlines of the memory. The refresh control circuit
116 may receive the row address RXADD and may compare
it to previously received addresses. The refresh control
circuit 116 includes a stack which includes a number of
slices. Each slice includes a file configured to store a row
address, an accumulator circuit which provides a voltage
proportional to a rate at which the address 1n the file has been
received, and a voltage to time (VtoT) circuit which may be
used to determine which of the accumulator circuits 1n the
stack 1s providing the highest voltage. The row address
associated with the highest voltage (e.g., the fastest rate of
accesses) may have 1ts victims refreshed as part of a targeted
refresh operation.

In some embodiments, the refresh control circuits 116
may perform multiple refresh operations responsive to each
occurrence of AREF. Each refresh control circuit 116 may
generate a number of ‘pumps’ (e.g., activations of a pump
signal) responsive to recerving an activation of AREF. Each
pump, 1n turn, may cause the refresh control circuit 116 to
provide a refresh address RXADD, and trigger a refresh
operation as indicated by the refresh address RXADD. A
given refresh control circuit 116 may provide auto-reiresh
addresses responsive to some of the pumps and targeted
refresh addresses responsive to some of the pumps generated
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from a given activation of ARFEF. In some embodiments, the
refresh control circuit 116 may perform auto-refresh opera-
tions for a certain number of pumps, and then may perform
targeted refresh operations for a certain number of pumps. In
some embodiments, auto-reiresh operations and targeted
refresh operations may be dynamically assigned to the
pumps. For example, 1f there are no rows waiting to be
refreshed as part of a targeted refresh operation, pumps
which would have been used for a targeted refresh operation
may be used for an auto-refresh operation instead.

The power supply terminals are supplied with power
supply potentials VDD and VSS. The power supply poten-
tials VDD and VSS are supplied to an internal voltage
generator circuit 128. The internal voltage generator circuit
128 generates various internal potentials VPP, VOD, VARY,
VPERI, and the like based on the power supply potentials
VDD and VSS supplied to the power supply terminals. The
internal potential VPP 1s mainly used 1n the row control 108,
the 1nternal potentials VOD and VARY are mainly used in
the sense amplifiers SAMP included 1n the memory array
112, and the internal potential VPERI 1s used in many
peripheral circuit blocks.

The power supply terminals are also supplied with power
supply potentials VDDQ and VSSQ. The power supply
potentials VDDQ and VSSQ are supplied to the input/output
circuit 126. The power supply potentials VDDQ and VSSQ)
supplied to the power supply terminals may be the same
potentials as the power supply potentials VDD and VSS
supplied to the power supply terminals 1n an embodiment of
the disclosure. The power supply potentials VDDQ and
VSSQ supplied to the power supply terminals may be
different potentials from the power supply potentials VDD
and VSS supplied to the power supply terminals 1n another
embodiment of the disclosure. The power supply potentials
VDDQ and VSSQ supplied to the power supply terminals
are used for the input/output circuit 126 so that power supply
noise generated by the input/output circuit 126 does not
propagate to the other circuit blocks.

FIG. 2 1s a block diagram of a refresh control circuit
according to an embodiment of the present disclosure. The
refresh control circuit 216 may implement the refresh con-
trol circuit 116 of FIG. 1 1n some embodiments. Certain
internal components and signals of the refresh address
control circuit 216 are shown to 1illustrate the operation of
the refresh address control circuit 216. The dotted line 232
1s shown to represent that 1n certain embodiments, each of
the components (e.g., the refresh address control circuit 216
and row decoder 208) may correspond to a particular bank
of memory, and that these components may be repeated for
cach of the banks of memory. Thus, there may be multiple
refresh address control circuits 216 and row decoders 208.
For the sake of brevity, only components for a single bank
will be described.

An interface 231 may provide one or more signals to an
address refresh control circuit 216 and row decoder 208. The
refresh address control circuit 216 may include a sample
timing generator 238, an aggressor detector circuit 237, a
row hammer reiresh (RHR) state controller 236 and a
refresh address generator 239. The interface 231 may pro-
vide one or more control signals, such as an auto-refresh
signal AREF, and a row address XADD. The RHR state
control 236 may determine 1f an auto-refresh or a targeted
reifresh operation should be performed. The RHR state
control circuit 236 may indicate diflerent refresh operations
in different banks in order to stagger the targeted and
auto-refresh operations between the banks.
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The example refresh control circuit 216 of FIG. 2 includes
a sampling circuit which may be used to sample the row
address XADD each time a sampling signal ArmSample 1s
activated. As the row address XADD changes over time, the
aggressor detector 237 may only pay attention to the subset
of row addresses X ADD which coincide with an activation
of the sampling signal ArmSample. The sampling signal
ArmSample may be provided by the sample timing genera-
tor 238 with one or more of periodic timing, random timing,
pseudo-random timing, and/or semi-random timing. In other
embodiments, the sample timing generator 238 and the
sampling signal ArmSample may be omitted, and the

aggressor detector 237 may recerve all of the row addresses
XADD provided by the interface 231.

In the embodiment, shown in FIG. 2, the aggressor
detector circuit 237 may sample the current row address
XADD responsive to an activation of ArmSample. The
sampled address XADD may be compared to previously
sampled addresses stored in the aggressor detector circuit
237. The aggressor detector circuit 237 may provide one or

more of the stored addresses to the refresh address generator
239 as the matched address HitXADD. The RHR state
controller 236 may provide the signal RHR to indicate that
a row hammer refresh operation (e.g., a refresh of the victim
rows corresponding to an identified aggressor row) should
occur. The RHR state controller 236 may also provide an
internal refresh signal IREF, to indicate that an auto-refresh
operation should occur. The RHR state controller 236 may
be used to control the timings of targeted refresh operations
and auto-refresh operations. The activations of IREF and
RHR may represent activations of the pump signal.

There may be an RHR state controller 236 for each of the
different banks. Each RHR state controller 236 may include
internal logic which determines the timing with which 1t
provides signals (e.g., RHR) to indicate i1 a targeted refresh
or auto-refresh operation should be performed 1n the asso-
ciated bank. In some embodiments, each RHR state con-
troller 236 may include a counter, and may provide the
signal RHR based on a number of occurrences of the refresh
signal AREF (and/or the number of occurrences of IREF).
For example, the RHR state controller 236 may provide the
signal IREF m times, then may provide the signal RHR n
times, then provide the signal IREF m times, etc.

Responsive to an activation of RHR and/or IREF, the
refresh address generator 239 may provide a refresh address
RXADD, which may be an auto-refresh address or may be
one or more victim addresses corresponding to victim rows
of the aggressor row corresponding to the match address
HitXADD. The row decoder 208 may perform a reiresh
operation responsive to the refresh address RXADD and the
row hammer refresh signal RHR. The row decoder 208 may
perform an auto-refresh operation based on the refresh
address RXADD and the internal refresh signal IREF.

The interface 231 may represent one or more components
which provides signals to components of the bank. For
example, the interface 231 may represent components such
as the command address mput circuit 102, the address
decoder 104, and/or the command control 106 of FIG. 1. The
interface 231 may provide a row address XADD, the auto-
refresh signal AREF, an activation signal ACT, and a pre-
charge signal Pre. The auto-refresh signal AREF may be a
periodic signal which may indicate when an auto-refresh
operation 1s to occur. The activation signal ACT may be
provided to activate a given bank of the memory. The
precharge signal Pre may be provided to precharge the given

bank of the memory. The row address XADD may be a
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signal including multiple bits (which may be transmitted 1n
series or 1n parallel) and may correspond to a specific row of
an activated memory bank.

The sample timing generator 238 provides the sampling,
signal ArmSample. ArmSample may alternate between a
low logic level and a high logic level. An activation of
ArmSample may be a ‘pulse’, where ArmSample 1s raised to
a high logic level and then returns to a low logic level. The
interval between the pulses of ArmSample may be random,
pseudo-random, and/or based on one or more signals of the
device (e.g., AREF).

The aggressor detector circuit 237 may receive the row
address X ADD from the interface 231 and ArmSample from
the sample timing generator 238. The row address XADD
may change as the interface 231 directs access operations
(e.g., read and write operations) to different rows of the
memory cell array (e.g., memory cell array 112 of FIG. 1).
Each time the aggressor detector circuit 237 receives an
activation (e.g., a pulse) of ArmSample, the aggressor detec-
tor circuit 237 may sample the current value of XADD.

Responsive to an activation of ArmSample, the aggressor
detector circuit 237 may determine 11 one or more rows 1s an
aggressor row based on the sampled row address XADD,
and may provide identified aggressor rows as the match
address HitX ADD. As part of this determination, the aggres-
sor detector circuit 237 may store (e.g., by latching and/or
storing the address 1n a stack) the current value of XADD
responsive to the activation of ArmSample if the current
value of XADD was not already stored. The current value of
XADD may be compared to previously stored addresses in
the aggressor detector circuit 237 (e.g., the addresses stored
in the stack), to determine access patterns over time of the
sampled addresses. If the sampled row address XADD
matches one of the previously stored addresses, an amount
of charge may be added to a capacitor associated with the
stored address. The charge on the capacitor may leak out
over time, and thus the charge on the capacitor may be
proportional to the frequency at which the stored address 1s
received as the sampled address XADD.

The aggressor detector circuit 237 may use the charge on
the different capacitors to 1dentify a row address associated
with a highest charge (e.g., a fastest access rate) and with a
lowest charge (e.g., a slowest access rate). For example,
cach capacitor may provide a voltage based on the charge on
the capacitor and a highest and lowest voltage may be
identified. The address associated with the highest charge
may be provided as the match address HitXADD. After
being provided as HitXADD, the charge on the capacitor
may be reset to an 1nitial value (e.g., a minimum value such
as 0). If the sampled address X ADD does not match a stored
address, 1t may be stored in one of the files of the stack. If
the stack 1s full (e.g., all of the files are busy) then the
address associated with the lowest charge may be replaced
with the new address, and the charge may be reset.

The RHR state controller 236 may receive the auto-
refresh signal AREF and provide the row hammer refresh
signal RHR and the internal refresh signal IREF. The signal
RHR may indicate that a targeted refresh operation should
take place (e.g., that one or more victim rows associated
with the 1dentified aggressor HitXADD should be
reifreshed). The signal IREF may indicate that an auto-
refresh operation should occur. The RHR state controller
236 may use internal logic to provide the RHR signal. In
some embodiments, the RHR state controller 236 may
include a counter and may provide the RHR signal based on
certain number of activations of AREF (e.g., every 4”
activation of ARFEF). The counter may be initialized to a
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particular value (e.g., when the memory 1s powered on). The
particular value may vary from refresh control circuit to
refresh control circuit between banks.

The RHR state controller 236 may also provide an inter-
nal refresh signal IREF, which may control the timing of
refresh operations. In some embodiments, there may be
multiple activations of IREF for each activation of the
refresh signal AREF. In some embodiments, the internal
refresh signal IREF may be used as a refresh pump signal to
control the activations of refresh pumps. In some embodi-
ments, each activation of AREF may be associated with a
number of activations of IREF, which may be associated
with a number of refresh operations, which may be a mix of
targeted refresh operations and auto-refresh operations. For

example, each activation of IREF may be associated with a
refresh operation on the refresh address RXADD, while the
state of RHR may determine 11 the refresh address RXADD
1s associated with an auto-refresh operation or a targeted
refresh operation. In some embodiments, the signal IREF
may be used to indicate that an auto-refresh operation should
occur, while the signal RHR 1s used to indicate that a
targeted refresh operation should occur. For example, the
signals RHR and IREF may be generated such that they are
not active at the same time (e.g., are not both at a high logic
level at the same time) and each activation of IREF may be
associated with an auto-refresh operation, while each acti-
vation of RHR may be associated with a targeted reiresh
operation.

In some embodiments, the RHR state controller 236 may
count activations of IREF and use the count of IREF (e.g.,
the pumps) to determine when the signal RHR should be
provided. Similar to previously described, the counter may
initialize to a different value for different refresh control
circuits. In some embodiments, the RHR state controller 236
may receive one or more signals from an RHR bank stagger
circuit, which may direct the different RHR state controllers
236 to provide the signal RHR. In either of these manner
targeted and auto-refresh operations may be staggered
between banks.

The refresh address generator 239 may receive the row
hammer refresh signal RHR and the match address
HitX ADD. The match address HitX ADD may represent an
aggressor row. The refresh address generator 239 may
determine the locations of one or more victim rows based on
the match address HitX ADD and provide them as the refresh
address RXADD. In some embodiments, the victim rows
may 1include rows which are physically adjacent to the
aggressor row (e.g., HitXADD+1 and HitXADD-1). In
some embodiments, the victim rows may also include rows
which are physically adjacent to the physically adjacent
rows ol the aggressor row (e.g., HitXADD+2 and
HitX ADD-2). Other relationships between victim rows and
the 1dentified aggressor rows may be used in other examples.

The refresh address generator 239 may determine the
value of the refresh address RXADD based on the row
hammer refresh signal RHR. In some embodiments, when
the signal RHR 1s not active, the refresh address generator
239 may provide one of a sequence of auto refresh addresses
as the refresh address RXADD. When the signal RHR 1s
active, the refresh address generator 239 may provide a
targeted refresh address, such as a victim address, as the
refresh address RXADD.

The row decoder 208 may perform one or more opera-
tions on the memory array (not shown) based on the recerved
signals and addresses. For example, responsive to the acti-
vation signal ACT and the row address XADD (and IREF
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5

10

15

20

25

30

35

40

45

50

55

60

65

10

may direct one or more access operations (for example, a
read operation) on the specified row address XADD.
Responsive to the RHR signal being active, the row decoder
208 may refresh the refresh address RXADD.

FIGS. 3A-3B are block diagrams of a stack and slices of
the stack, respectively, according to an embodiment of the
present disclosure. The stack 340 and stack logic circuit 343
of FIG. 3A may be used to implement the aggressor detector
circuit 237 of FIG. 2 in some embodiments. The stack 340
includes a number of slices 341. As shown 1n FIG. 3B, each
slice includes a file 342, which includes a number of content
addressable memory (CAM) cells 344, an accumulator cir-
cuit 346, and a voltage to time (VtoT) circuit 348.

The stack 340 may be used to store received addresses
(e.g., row address XADD of FIG. 2) and track accesses to
the stored addresses. The stack 340 includes a number of
slices 341 each of which includes components which may be
used to track accesses to a row address stored 1n the file 342.
The stack logic circuit 343 provides control signals to the

stack 340, and receives signals from the stack 340 1n order
to operate the stack 340.

Each slice 341 includes a file 342 which stores a row
address. The file includes a number of CAM cells 344, each
of which stores one of the bits of the row address. Each
CAM cell 344 includes a latch portion which stores the bit
of the address and a comparator portion. The comparator
portions of the CAM cells 344 1 a slice 341 may work
together to determine 1f a recerved address Addressln 1s an
exact match for the row address stored 1n the file 342 when
the control signal Activate 1s active. In some embodiments,
the control signal Activate may be based on an access 31gnal
of the memory device, such as ACT/Pre of FIGS. 1-2. In
some embodiments, the control signal Activate may be

based on a sampling signal, such as ArmSample of FIG. 2.
The CAM cells 344 provide a signal Match which indicates

if the recerved address Addressln 1s a match or not.
The file 342 may include a number of CAM cells 344
based on the number of bits of information stored 1n the file
342. The number of CAM cells 344 1n a given file 342 may
generally be referred to as a “width’ of the file 342. In some
embodiments, the file 342 may have a width which is the
number of bits of a row address (e.g., XADD). In some
embodiments, the file 342 may include additional width,
which may be used to store one or more other pieces of
information associated with the slice 341. For example,
additional CAM cells 344 may be included 1n the file 342 to
store a busy signal Busy, which may be used to indicate 11
the slice 341 1s storing an unreireshed row address or not.

The file 342 may also receive control signals such as the
write signal Store, which may cause the file 342 to write the
value of the received address Addressln to the CAM cells
344, storing the received address Addressln in the file 342.
The file 342 may also recerve the signal Reset which, 1n
some embodiments, may cause the file 342 to reset the
address stored 1n the file 342 (e.g., by setting the bits stored
in the CAM cells all to the same value). The file 342 also
provides a signal Busy, which indicates if the file 342 1s
currently storing an address or not. Accordingly, belore
being reset, the file 342 may provide the signal Busy at a first
state (e.g., a high logical level), and may provide the signal
Busy at a second state (e.g., a low logical level) after being
reset. In some embodiments, one or more CAM cells 344
may be used to store the state of the Busy signal. An example
CAM cell 344 and 1ts operation 1s discussed 1n more detail
in FIG. 4.

Each slice 341 also includes an accumulator circuit 346
which tracks accesses to the row address stored in the file
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342. Fach time the accumulator circuit 346 receives the
signal Match, it may update a physical signal stored in the
accumulator circuit 346. For example, the accumulator
circuit 346 may include a capacitor, and each time the signal
Match 1s received from the file 342, an amount of charge
may be added to the capacitor. The accumulator circuit may
provide a voltage HammerFreq which 1s based on the
amount of charge on the capacitor. Accordingly each time
Match 1s received, the voltage HammerFreq may be
increased. The capacitor 1n the accumulator circuit 346 may
also slowly discharge over time, which may cause the
voltage HammerFreq to decrease at a certain rate. Respon-
sive to the signal reset, the voltage HammerFreq may be
reset to an 1nitial value (e.g., by discharging the capacitor).
An example accumulator circuit and 1ts operation are dis-
cussed 1n more detail i FIG. 5.

The voltage to time (VtoT) circuit 348 may be used to
determine which of the different voltages HammerFreq 1n
the stack 340 1s the highest and the lowest. Since the voltage
HammerFreq may be proportional to the rate at which the
row address stored in the file 342 1s received, the VtoT
circuit 348 may be used to indicate which of the row
addresses 1n the stack 340 1s the most and least frequently
accessed.

Each VtoT circuit 348 may include a high VtoT circuit
and a low VtoT circuit, which may provide the signals High
and Low respectively with timing based on the voltage
HammerFreq received from the accumulator circuit 346.
The VtoT circuit 348 may provide the signals High and Low
responsive to the signal SampleVtoT. Once the signal Sam-
pleVtoT 1s provided, the higher the voltage HammerFreq,
the faster the signal High 1s provided by the VtoT circuit 348
and the lower the voltage HammerFreq the faster the signal
Low 1s provided by the VtoT circuit 348. The stack logic
circuit 343 may keep track of which of the slices 341
provides the signals High and Low first each time the signal
SampleVtoT 1s provided. An example VtoT circuit and its
operation are discussed 1n more detail in FIG. 6.

Referring back to FIG. 3 A, the stack logic circuit 343 may
operate the stack 340 by providing addresses and command
signals to the stack 340. For example, when an address
XADD 1s received (e.g., from intertace 231 of FIG. 2) as
part of an access operation, the stack logic circuit 343 may
provide the address XADD to the stack as the address
Addressln along with the signal Activate, which may cause
the slices 341 to compare the address Addressln to the stored
addresses 1n their respective files 342. Based on that com-
parison, each of the files 342 may provide the signal Match.

The stack logic circuit 343 may examine the match
signals provided by each file 342 of the stack 340 to
determine if there were any matches between the address
XADD and the stored addresses. If there 1s a match, then the
signal Match 1s provided by the file 342 contaiming the
matched address (e.g., the file 342 provides the signal Match
at a high logical level) which 1n turn updates the voltage
HammerFreq provided by the accumulator circuit 346. If
there 1s not a match (e.g., the signal Match 1s provided at a
low logical level), then the address XADD may be stored 1n
the stack 340 (e.g., by providing it as the address Addressin
along with the write signal Store to a particular file 342).

After providing a received address XADD for compari-
son, the stack logic circuit 343 may provide the signal
SampleVtoT (e.g., provide SampleVtoT at a ligh logical
level) 1 order to determine which of the files 342 contains
a row address which 1s accessed the most (e.g., has the
highest voltage HammerFreq) and least (e.g., has the lowest
voltage HammerFreq). Responsive to the signal SampleV-
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toT each of the VtoT circuits 348 may provide the signals
High and Low. The signal High 1s provided faster the higher
the voltage HammerFreq 1s, and the signal Low 1s provided
taster the lower the voltage HammerFreq 1s. The stack logic
circuit 343 includes a high latch 345 which latches the first
signal High to be provided and a low latch 347 which latches
the first signal Low to be provided. In this manner, the
signals stored in the high latch 345 and low latch 347 may
represent the row addresses of the stack 340 which are most
and least frequently accessed respectively.

In some embodiments, each slice 341 may include a high
latch 345 and a low latch 347. Each of the high and low
latches 1n the slices 341 may record the value of the signals
High and Low, respectively when they are provided (e.g.,
when they switch from a low logical level to a high logical
level). The first high latch 345 and the first low latch 347 to
store their respective signal at a high logical level may be
maintained, while all of the other high and low latches are
cleared (e.g., reset to a low logical level). In this manner,
only the first high latch 345 and the first low latch 347 to
store a high logical level remain holding a high logical level,
which may be used to identily the slices 341 which contain
the highest and lowest voltages HammerFreq, respectively,
at the most recent time the signal SampleVtoT was provided.

When the stack logic circuit 343 1s storing a new address
XADD 1n the stack 340 (e.g., because address XADD did
not match any addresses stored 1n the stack 340), the stack
logic circuit 343 may determine if there are any available
slices 341. For example the stack logic circuit 343 may
check the status of the busy signals Busy provided by the
files 342 to determine 11 any of the signals Busy indicate that
at least one row 1s not busy. If any files 342 are not busy
(e.g., the signal Busy 1s at a second state/low logical level),
the new address XADD may be stored in one of the
non-busy files 342 (e.g., by providing XADD as Addressin
along with the write signal Store to that file 342). If all of the
files 342 are busy, the stack logic circuit 343 may reset the
slice 341 indicated by the low latch 347 and may then store
the recetved address XADD 1n that reset slice 341.

When the stack logic circuit 343 receives a signal (such as
the signal RHR) which indicates that a targeted refresh
should be performed, the stack logic circuit 343 may provide
the address 1n the slice 341 indicated by the high latch 345.
The stack logic circuit 343 may provide the signal Refresh
to the stack, which in turn may cause the stack 340 to
provide the address from the file 342 associated with the
highest access rate (e.g., as indicated by the high latch 345)
as the address AddressOut. The address provided as
AddressOut may be provided as the match address
HitXADD of FIG. 2, and 1ts victims may be refreshed.
Responsive to providing an address, the stack logic circuit
343 may provide the reset signal Reset to the slice 341 and
may then send the signal SampleVtoT to update the slices
341 stored 1n the high latch 345 and low latch 347.

FIG. 4 1s a schematic diagram of a content addressable
memory (CAM) cell according to an embodiment of the
present disclosure. The CAM cell 400 may, 1n some embodi-
ments, implement the CAM cells 344 of FIG. 3B. In other
embodiments, other types of CAM cell may be used. In
general, the CAM cell 400 may store, provide, and/or
receive a number of signals, which may represent the states
of binary bits. Accordingly, each signal may have a high
level, which may be represented by a system voltage (e.g.,
VPERI) and a low level, which may be represented by a
ground voltage (e.g., VSS). Other methods of representing
the states of the bits and signals of the CAM cell 400 may
be used 1n other example embodiments.
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The CAM cell 400 includes a latch portion 456 and a
comparator portion 458. The latch portion stores a bit with
a state represented by stored signal Q and inverse stored
signal QF. The stored signals Q and QF may be comple-
mentary to each other. Thus, if the signal Q 1s at a high
logical level, the signal QF may be at a low logical level, and
vice versa. The latch portion 456 includes a pair of cross
coupled 1nverters, a first inverter 452, and a second 1nverter
453 which may be used to store the values of the signals O
and QF (and thus the value of the stored bit).

The first inverter 452 has an 1nput terminal coupled to a
node which carries the signal QQ, and an output terminal
coupled to a node which carries the signal QF. The second
inverter 452 has an mput terminal which 1s coupled to a node
which carries the signal QF and an output terminal which 1s
coupled to the node which carries the signal Q. In this
manner, the first inverter 452 provides the signal QF at a
level complementary to the signal Q, and the second 1inverter

4353 provides the signal Q at a level complementary to the
signal QF.

An external bit may be recerved along with a write signals
Store, which may cause the external bit to overwrite the
value of the stored bit. The external bit may be provided as
the signals Addressln and AddressInF, which are comple-
mentary to each other. The external bit may be a bit of a
received address (e.g., XADD of FIGS. 3A-3B). The latch
portion 456 includes a first transistor 450 and a second
transistor 451 which work together as switches to couple the
external signals AdressIn and AddressInF into the cross
coupled 1nverters 452, 453. The first transistor 450 has a
drain coupled to the node carrying the stored signal ), and
a source coupled to the external signal Addressln. The
second transistor 451 has a drain coupled to the external
signal AddressInF and a source coupled to the stored signal
QF. Both the first and second transistors 450, 451 may be
n-type transistors, and their gates may be coupled in com-
mon to the write signal Store.

In an example write operation, the latch portion 456 may
receive the write signal Store at a high level (e.g., a system
voltage such as VPERI) and an external bit represented by
signals AdressIn and AdressInF. The write signal Store may
activate both the first and the second transistors 450, 451,
which may couple the signal Adressln to the signal Q, and
the signal AdressIinF to the signal QF. The value of the
signals AdressIn and AddressInF may overwrite the values.
The write signal Write may also 1nactivate one (or more) of
the mverters, 452, 453. In the example CAM cell 400 of
FIG. 4, the second inverter 453 has an inverting control
terminal coupled to Store and a non-mnverting control ter-
minal coupled to a signal StoreF which 1s complementary to
the signal Store. Accordingly, the signal Store being at a high
level may 1nactivate the second inverter 453. This may
prevent the inverters 4352, 453 from interacting while the
write operation 1s taking place.

The inverter portion 458 includes a first multiplexer 454
and a second multiplexer 455. During a comparison opera-
tion, an external bit may be compared to the stored bit, by
providing the comparison bit as represented by the signals
AdressIn and AdressInF when the write signal Store 1s at a
low level. The multiplexers 454,455 may work together so
that if the external bit matches a state (e.g., a logical level)
of the stored bit, the signal BitMatch 1s provided at a high
level, and 11 they bits do not match, then the signal BitMatch
1s provided at a low level. The state of the overall match
signal Match may be based on the states of the bit match

signals BitMatch from each of the CAM cells 400 1n a file.
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The first multiplexer 454 has an input terminal coupled to
the external signal Addressln, a command terminal coupled
to the signal (), and an mverse command terminal coupled
to the signal QF. The output of the first multiplexer 1s
coupled to the signal Match. When the stored signal Q 1s at
a high level (and the signal QF 1s at a low level) the first
multiplexer 454 may couple the signal Adressln to the
signals BitMatch. Accordingly, only 11 the external signal

Adressln 1s high and the stored signal Q 1s high 1s a high
signal coupled to the signal BitMatch through the first
multiplexer 454.

The second multiplexer 455 has an imnput terminal coupled
to AdressInF, a command terminal coupled to the signal QF,
and an mverse command terminal coupled to the signal Q.
The output of the second multiplexer 455 1s coupled to the
signal BitMatch. When the signal QF 1s at a high level (and
thus the signal Q 1s at a low level) the second multiplexer
455 may couple the signal AdressInF to the signal BitMatch.
Accordingly, only 1f the external signal AddressInF 1s high
(1indicating that the external bit 1s a low logical level) and the
stored signal QF 1s high (indicating that the stored signal 1s
at a low logical level) 1s a high signal coupled to the signal
BitMatch through the second multiplexer 455.

In some embodiments, multiple CAM cells 400 may be
grouped together to store multiple bits of information. For
example, multiple CAM cells 400 may be grouped together
to form a file which stores a row address, such as the file 342
of FIG. 3B. There may be a number of CAM cells 400 equal
to a number of bits of a row address (for example 16 bits).
When external data such as a row address 1s provided, 1t may
be split and a different bit of the external data may be
provided to each of the CAM cells 400 as the external
signals AddressIn and AddressInF. In some embodiments,
there may be additional 1inverter circuits (not shown) which
may receive the external bit and invert it to provide the
signal AddressInF. In some embodiments, all of the CAM
cells 400 which store the different bits of a piece of data may
have their signals BitMatch provided to mput terminals of
logic with an AND function, such that a signal Match 1s
provided which 1s at a high level only 11 all of the individual
signals BitMatch from the diflerent CAM cells 400 were at
a high level.

FIG. 5 1s a schematic diagram of an example accumulator
circuit according to an embodiment of the present disclo-
sure. The accumulator circuit 500 may, 1n some embodi-
ments, implement the accumulator circuit 346 of FIG. 3B.
The accumulator circuit 500 recerves the signal Match from
a file (e.g., file 342 of FIG. 3B). In some embodiments, the
signal Match may represent a signal which 1s a logical AND
of the match signal outputs of multiple CAM cells. Respon-
sive to the signal Match, a voltage HammerkFreq may be
increased.

The accumulator circuit 500 includes a first transistor 561,
a second transistor 562, and a third transistor 564. The first
transistor has a gate coupled to a bias voltage PBias, a source
coupled to a system voltage (e.g., VPERI) and a drain
coupled to a source of the second transistor 562. The first
transistor 561 may be a p-type transistor. The voltage PBias
may generally keep the first transistor 361 1n an active state.

The second transistor 562 has a source coupled to the
drain of the first transistor 561 and a drain coupled to a node
carrying the voltage HammerFreq. The signal match may be
provided to an mnverter 560, which provides a signal MatchF
to the gate of the second transistor 562. The second transistor
562 may be a p-type transistor. Accordingly, when the signal
Match 1s high, the signal MatchF 1s low, which may activate
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the second transistor, coupling the system voltage (e.g.,
VPERI) through the first and second transistors, 561, 562 to
the voltage HammerFreq.

The third transistor 564 has a drain coupled to the voltage
HammerFreq and a source coupled to a ground voltage (e.g.,
VSS). The gate of the third transistor 564 1s coupled to a bias
voltage NBias, which may generally keep the third transistor
564 1n an active state. The third transistor 564 may be an
n-type transistor.

The voltage HammerFreq 1s coupled to ground via a
capacitor 365. Accordingly, each time the signal Match 1is
provided, the second transistor 562 may activate and the
capacitor 365 may be coupled to the system voltage VPERI
through the first and second transistors 561, 562. This may
add an amount of charge to the capacitor 565 which may
increase the voltage Hammerkreq. In some embodiments,
the amount of charge added for each activation of Match
may be adjusted by varying one or more of the length of time
Match 1s active, the characteristics of the transistor 561,
and/or the voltage PBias. In some embodiments, the amount
that the voltage HammerFreq changes with each activation
of Match may also be adjusted by adjusting the capacitance
of the capacitor 565.

The capacitor 565 may also be constantly discharging
through the third transistor 564, which may be activated by
NBias to allow the voltage HammerFreq to leak by permit-
ting a leak current to flow through the third transistor 564 to
a ground voltage (e.g., VSS). This may cause the voltage
HammerFreq to decrease over time. In some embodiments,
the rate at which the capacitor 565 discharges (and Ham-
merFreq decreases over time) may be adjusted by adjusting
one or more of the capacitance of the capacitor 565, the
characteristics of the third transistor 564, and/or the bias
voltage NBias.

In this manner, the voltage HammerFreq may be
increased each time an activation of the signal Match 1s
received and may otherwise decrease steadily over time.
Thus, the more rapidly that activations of the signal Match
are received, the higher the voltage HammerFreq may
become. Since the voltage HammerFreq may saturate as the
capacitor 365 reaches a maximum amount of charge, 1t may
be 1mportant to adjust parameters to prevent saturation for
expected rates of Match activation (e.g., expected rates at
which a given row may be accessed before 1t 1s refreshed).
Parameter such as the capacitor 565, the first and third
transistors 361, and 564, and the voltages PBias and NBias
may be adjusted to reduce the likelihood of saturation
conditions form occurring.

A Tourth transistor 363 may act as a switch which resets
the voltage HammerFreq by discharging the capacitor 563.
The fourth transistor has a drain coupled to the voltage
HammerFreq and a source coupled to a ground voltage (e.g.,
VSS). The gate of the fourth transistors 363 1s coupled to the
signal Reset. The fourth transistor 563 may be an n-type
transistor. When the signal Reset 1s provided at a high level,
the fourth transistor 563 may be active, and may couple the
voltage HammerFreq to the ground voltage, which may
discharge the capacitor 565. The signal Reset may generally
be provided at a low level during normal operations to keep
the fourth transistor 563 inactive so that the voltage Ham-
merFreq may increase responsive to the signal Match.

FIG. 6 1s a schematic diagram of a voltage to time (VtoT)
circuit according to an embodiment of the present disclo-
sure. The VtoT circuit 600 may, in some embodiments,
implement the Vto'T circuit 348 of FIG. 3B. The VtoT circuit
600 may provide a signal High and a signal Low with a
speed which 1s proportional to the voltage HammerFreq
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which 1s provided by an accumulator circuit (e.g., 346 of
FIG. 3B and/or 500 of FIG. 5).

The VtoT circuit 600 includes a low VtoT circuit 601 and
a high VtoT circuit 602. The low VtoT circuit 601 provides
the signal Low, and the high VtoT circuit 602 provides the
signal High. The VtoT circuit 600 receives a sampling signal
SampleVtoT which causes the low and high VtoT circuits
601, 602 to begin the process of providing the signals Low
and High. The signal SampleVtoT 1s provided to an inverter,
which provides the signal SampleVto'TFE, which 1s comple-
mentary to the signal SampleVtoT.

The low VtoT circuit 601 includes a first transistor 671, a
second transistor 672, and a third transistor 673. The first
transistor 617 has a source coupled to a system voltage (e.g.,
VPERI) and a drain coupled to a source of the second
transistor 672. The gate of the first transistor 671 1s coupled
to the signal SampleVtoTF. The second transistor 672 has a
source coupled to the drain of the first transistor 671 and a
drain coupled to a node 681. The gate of the second
transistor 672 1s coupled to the voltage HammerFreq. The
first and second transistors 671, 672 may be p-type transis-
tors. The third transistor 673 has a drain coupled to the node
681 and a source coupled to a ground voltage (e.g., VSS).
The gate of the third transistor 673 1s coupled to the signals
SampleVtoTF. The third transistor 673 may be an n-type
transistor. The node 681 1s coupled to a ground voltage (e.g.,
VSS) via a capacitor 674. The voltage on the node 681 1s
provided as an mput to a pair of inverters 675 coupled 1n
series, the second of which provides the signal Low.

When the low VtoT circuit 601 1s not 1n operation, the
signal SampleVto'T may be provided at a low level, which 1n
turn may cause the signal SampleVtoTF to be provided at a

high level. This may inactivate the first transistor 671 and
activate the third transistor 673. Accordingly, the node 681
may be coupled to the ground voltage via the third transistor
673, and the capacitor 674 may be discharged. Since the
node 681 1s grounded (e.g., a low level), the pair of inverters
675 may provide the signal Low at a low level.

When the stack (e.g., stack 340 of FIG. 3A) 1s polled to
determine a highest and lowest of the voltages HammerFreq
provided by the accumulator circuits, the signal SampleV-
tol may be provided at a high level. Accordingly, the
inverter 670 may provide the signal SampleVtoTF at a low
level. This may inactivate the third transistor 673 and
activate the first transistor 671. Current may flow through
the first transistor 671 and through the second transistor 672
to the node 681, which may charge the capacitor 674 and
increase the voltage on the node 681. The amount of current
which flows to the node 681, and thus the speed at which the
capacitor 674 charges and the voltage on the node 681
increases, may be based on the voltage HammerFreq applied
to the gate of the second transistor 672. In particular, the
higher the voltage HammerFreq 1s, the less current flows
through the second transistor 672, and the slower the voltage
of the node 681 increases, while the lower the voltage
HammerFreq 1s, the more current flows and the faster the
voltage of the node 681 increases.

Once the voltage of the node 681 increases above a
threshold voltage of the pair of inverters 673, the inverters
change the state of the signal Low to a high level. Since the
speed at which the voltage of the node 681 increases 1s
dependent on the voltage of HammerFreq, the time between
when SampleVtoT 1s provided at a high level and when the
signal Low switches from a low level to a high level may
also be dependent on the voltage HammerFreq, with lower
voltages leading to shorter times.
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The high VtoT circuit 602 operates on a similar principle
to the low VtoT circuit 601, except that the signal High 1s
provided at a high level with a faster timer the higher that the
voltage HammerFreq 1s. The high VtoT circuit 602 includes
a first transistor 676 with a source coupled to a system
voltage (e.g., VPERI) and a drain coupled to a node 682. A
second transistor 677 has a drain coupled to the node 682
and a source coupled to a drain of a third transistor 678. The
source of the third transistor 678 1s coupled to a ground
voltage (e.g., VSS). The gates of the first transistor 676 and
the third transistor 678 are coupled to the signal SampleV-
toT. The gate of the second transistor 677 1s coupled to the
voltage HammerFreq. The first transistor 676 may be a
p-type transistor. The second transistor 677 and the third
transistor 678 may be n-type transistors. The node 682 1s
coupled to ground through a capacitor 679. An inverter 680
provides the signal High with a level based on the voltage on
the node 682.

When the VtoT circuit 600 1s not in operation, the signal
SampleVtoT may be provided at a low level. This may
inactivate the third transistor 678 and activate the first
transistor 676. Accordingly the node 682 may be coupled to
the system voltage (e.g., VPERI) through the first transistors
676. This may charge the capacitor 679 to a saturation level,
which may raise the voltage on the node 682 to a maximum
level (e.g., VPERI). This may cause the imnverter 680 to
provide the voltage High at a low level.

When the VtoT circuit 600 1s polled, the signal SampleV-
toT 1s switched from a low level to a high level. This may
inactivate the first transistor 676 and activate the third
transistor 678. A current may flow from the node 682
through the second transistor 677 and third transistor 678 to
the ground voltage (e.g., VSS). The amount of current may
be proportional to the voltage HammerFreq applied to the
gate of the second transistor 677. The higher the voltage
HammerFreq, the higher the current. The current may allow
the capacitor 679 to discharge to ground, which may
decrease the voltage on the node 682. Accordingly, the
higher the voltage HammerFreq, the faster the voltage on the
node 682 decreases. When the voltage on the node 682 falls
below a threshold of the inverter 680, the inverter may
switch to providing the signal High at a high level. The time
between when the signal SampleVtoT 1s switched from a
low level to a high level to when the signal High switches
from a low level to a high level may be proportional to the
voltage HammerFreq, with higher voltages leading to
shorter times.

The two capacitors 674 and 679 may be adjustable in
some embodiments. Adjusting the capacitor 674 may adjust
the rate at which the voltage on the node 681 increases when
the signal SampleVtoT 1s provided at a high level. Adjusting,
the capacitor 679 may adjust the rate at which the voltage on
the node 682 decreases when the signal SampleVtoT 1s
provided at a low level.

FIG. 7 1s a flow chart of a method of analog row access
rate determination according to an embodiment of the pres-
ent disclosure. The method 700 may be implemented by one
or more of the circuits or devices described 1n FIGS. 1-6 1n
some embodiments. Although the method may be described
using certain signals, different patterns of signals may be
used 1n other embodiments which use circuits different from
the ones described herein.

The method 700 may generally begin with block 703,
which describes a beginning of the method. For example, the
method 700 may begin when the device (e.g., device 100 of
FIG. 1) powers on. Block 705 may generally be followed by
block 710, which describes resetting the components of the
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stack (e.g., stack 300 of FIG. 3A). For example, a stack logic
circuit (e.g., stack logic circuit 343 of FIG. 3A) may provide
a signal Reset which may reset accumulator circuits (e.g.,
accumulator circuit 346 of FIG. 3B and/or 500 of FIG. 5) so
that the voltage HammerkFreq they provide 1s at an initial
level (e.g., a ground voltage such as VSS). In some embodi-
ments, the addresses stored in the slices (e.g., slice 341 of
FIGS. 3A-3B) may be reset. For example, all of the CAM
cells may be set to store a bit at a low level in some
embodiments. In another example, CAM cells which store a
busy signal may be reset such that all of the busy signals
indicate that the files (e.g., files 342 of FIG. 3B) are not 1n
use.

Block 710 may generally be followed by block 7135 which
describes determining 1f an access operation or a refresh
operation 1s being performed. For example, the stack logic
circuit may receive a row address (e.g., XADD) which
indicates an access operation. In some embodiments, the
stack logic circuit may receirve additional signals such as
ACT/Pre, which may be used instead of or 1n addition to the
row address XADD to indicate that an access operation 1s
occurring. In some embodiments, the row addresses may be
ignored until a row address 1s received along with a sam-
pling signal (e.g., ArmSample of FIG. 2). Responsive to
receiving the row address XADD, the row address XADD
may be provided to the stack as the input address Addressin
and the signal Activate 1s provided to compare the row
address XADD to the contents of the stack as described 1n
blocks 735-765.

If a targeted refresh operation 1s being performed, (e.g.,
the signal RHR 1s received from RHR state control circuit
236 of FIG. 2) 1t may 1ndicate that the stack should provide
an address as the match address HitXADD so that its victim
wordlines can be refreshed, as generally described 1n boxes
720-730. If neither an access operation nor an RHR opera-
tion 1s being performed, block 715 may generally be
repeated until one of those two conditions occurs (or until
the method 700 1s ended for some other reason, for example,
powering ofl the device).

If a row address XADD 1s received (e.g., as part of an
access operation), block 715 may generally be followed by
block 735, which describes placing the row address on the
AddressIn bus and pulsing the signal Activate. The received
address XADD may be provided as the signal Addressin to
cach of the files (e.g., files 342 of FIG. 3B) of the stack 1n
common. The address XADD may be split up such that a
first CAM cell 1n each of the files receives a first bit of the
address XADD as the mput Addressln, a second CAM cell
in each of the files receives a second bit of the address
XADD as the mput AddressIn and so forth. In some embodi-
ments, the different bits of XADD may be supplied to the
corresponding CAM cells 1n parallel. The signal Activate
may be provided (e.g., as a pulse from a low level to a high
level and back to a low level) to activate various components
used 1n the slices of the stack. The signal Activate along with
the input address AddressIn may cause the slices to compare
the mnput address Addressln to their respective stored
addresses.

Block 735 may generally be followed by block 740,
which describes determining if the signal Match fires (e.g.,
1s provided at a hugh level) by any of the slices of the stack.
Each bit of the recerved row address XADD may be com-
pared to the corresponding CAM cell 1n each of the slices
(e.g., 1n the file 1n each of the slices). The match signals from
cach mdividual CAM cell 1n a file may be coupled to an
AND gate, which provides an overall signal Match which 1s
at a high level only 11 each bit of XADD matches all of the
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bits stored 1n the CAM cells of the file. In block 740 the
states of the signals Match from each of the files may be
examined to determine if any are at a high level after the
comparison operation described 1n block 735.

If any of the signals Match are at a high level, block 740
may generally be followed by block 745 which describes
incrementing the analog accumulator. The accumulator cir-
cuits 1n each slice may receive the signal Match from the
files 1n that slice. If the signal Match 1s at a high level, 1t may
cause a preset amount of charge to be added to a capacitor
(e.g., capacitor 565 of FIG. 5) 1in the accumulator circuit.
This may increase a voltage HammerFreq provided by the
accumulator circuit. The voltage HammerFreq may decrease
over time (e.g., due to the ‘leak’ through the transistor 564
of FIG. 5). The amount that the voltage 1s increased when the
accumulator 1s incremented, and the rate of the leak may be
adjustable 1n some embodiments. The voltage HammerFreq
may decrease while other steps of the method (e.g., as
described 1n blocks 715-770) are occurring.

Block 745 may generally be followed by block 770,
which describes polling the VtoT circuits (e.g., VtoT circuits
348 of FIG. 3B and/or 600 of FIG. 6). The stack control
circuit may provide the signal SampleVtoT at a high level,
which may trigger the high VtoT circuits (e.g., 602 of FIG.
6) in each of the slices to begin discharging and the low
VtoT circuits (e.g., 601 of FIG. 6) in each of the slices to
begin charging. The VtoT circuits may be activated using
‘race timing’, which may cause each Vto'T circuit to provide
the signals High and Low with speed based on the voltage
HammerFreq recerved from that VtoT circuit’s associated
accumulator circuit. The higher the voltage HammerFreq,
the faster the signal High switches to a high level after the
signal SampleVtoT switches to a high level. The lower the
voltage HammerkFreq, the faster the signal Low switches to
a high level after the signal SampleVtol switches to a high
level. The first slice to provide the signal High at a high level
may be saved (e.g., 1n high latch 345 of FIG. 3A) and the
first slice to provide the signal Low at a high level may be
saved (e.g., 1n a low latch 347 of FIG. 3A). In some cases,
the signals High and Low may be saved 1n respective high
and low latches for each of the slices, however only the first
high latch to save a high signal High and the first low latch
to save a high signal Low may be saved while the rest may
be cleared. The block 770 may generally be followed by
block 715, restarting the process of waitting for activate or
RHR commands.

Returming to block 740, 1f the signal Match was not
provided by any slice, then block 740 may generally be
tollowed by block 750. Block 750 describes determining 1f
all of the slices are busy. Each slice may provide a signal
Busy with a level which indicates 11 the slice 1s currently
storing an unreireshed row or not. In some embodiments,
block 750 may involve checking to see 11 all of the Busy
signals are at a high logical level or not.

If not all the slices are busy (e.g., iI at least one Busy
signal 1s at a low logical level) then block 750 may generally
be followed by block 735. Block 755 describes choosing a
slice which 1s not busy to store the row address (e.g.,
XADD) which was received as part of the activate command
during block 715. In some embodiments, 1 more than one
slice has the signal Busy at a low logical level, then one of
the slices with Busy at a low logical level may be selected.
For example, a slice with a lowest index may be chosen.
Block 755 may generally be followed by block 765 as
described herein.

If all the slices are busy, then block 750 may be followed
by block 760, which describes storing the received row
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address 1n the slice with the Low signal at a high logic level.
As described 1n block 770, the slice which has the lowest
voltage HammerFreq (which 1s proportional to the rate at
which the row address stored 1n that slice 1s accessed) has
the signal Low saved at a high level 1n a low latch. During
block 760, that slice may be reset (e.g., 1n a manner similar
to block 710, except only for a specific slice), by providing
the signal Reset at a high level to the slice with the signal
Low at a high level. The signal Reset may cause the
accumulator circuit to reset to a mimmum value of Ham-
merkFreq (e.g., by discharging the capacitor to a ground
voltage). Block 760 may generally be followed by block
765.

Blocks 755 and block 7635 may generally be followed by

block 765 which describes storing the received row address
in the selected slice. The process described in block 765 may
be the same whether the slice was selected by the process
described 1n block 755 (e.g., the slice 1s not busy) or the
process described 1n block 760 (e.g., the slice 1s associated
with the signal Low). During the process described in the
block 765 the each bit of the received address XADD may

be provided as the external signal Addressln to a corre-
sponding CAM cell of the selected slice. In some embodi-
ments the signals AddressIn may be provided 1n common to
all of the slices. In some embodiments, the signals AddressIn
may still be being provided as they were during block 735.
The stack control logic may provide the write signal Store at
an active level to the selected slice. This may cause the file
in the selected slice to store the values of the bits of the
received address XADD 1n the file, overwriting the previous
stored row address (if any). If the signal Busy was not
previously set to a high level, 1t may be set to a high level
alter the row address 1s stored. Block 765 may generally be
followed by block 770, which proceeds as previously

described.

Returning to block 7135, if a refresh command (e.g., the
signal RHR) 1s recerved, then block 715 may generally be

followed by block 720. Block 720 describes providing the
row address from the slice with the signal High at a high
logical level. As described in block 770, the slices may be

polled and the signal High may be saved at a high logical
level for one of the slices. In block 720, the signal Refresh
may be provided at a high level to the slice which has the
signal High at a hugh level. This may cause the row address
stored 1 the file of that slice to be provided on the
AddressOut bus.

Block 720 may generally be described by block 725,
which describes refreshing victim addresses associated with
the address provided on AddressOut. The address provided
on the AddressOut bus may be latched by the stack control
circuit and provided as the match address HitXADD. A
refresh address generator (e.g., 239 of FIG. 2) may generate
one or more relfresh addresses RXADD based on the value
of the match address HitXADD. The refresh addresses
RXADD may be refreshed 1n one or more targeted refresh
operations.

Block 725 may generally be followed by block 730,
which describes resetting the accumulator circuit associated
with the row address that was provided as the match address
HitX ADD. The stack control circuit may provide the signal
Reset to the slice associated with the signal High at a high
logical level. The signal Reset may cause the accumulator
circuit to reset the voltage HammerFreq to a minimum level
(e.g., a ground voltage such as VSS). The signal Reset may
also clear the contents of the file (e.g., by resetting the CAM
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cells and/or by changing the Busy signal to a low level).
Block 730 may generally be followed with block 770 as
previously described.

In some embodiments, determining the highest and lowest
voltages (e.g., as described i1n block 770) may only be
triggered when a slice which has the highest or lowest
voltage needs to be 1dentified, rather than being performed
cach time an RHR or access command is received as shown
in the example embodiment of FIG. 7. For example, in one
such on demand embodiment, block 770 may be performed
between blocks 715 and 720 (e.g., block 770 may be
performed responsive to receiving an RHR signal), and
blocks 730, 745, and 765 may generally be followed by
block 715. In such an embodiment, additional logic may also
be used to 1indicate when the signal SampleVtoT should be
provided 1n order to trigger the operation described in block
770. In another example, the signal SampleVtoT (e.g., the
operation of block 770) may be provided aiter receiving an
RHR signal, and may also be provided before the operation
of block 760, in order to determine which slice should have
its content replaced.

Of course, 1t 1s to be appreciated that any one of the
examples, embodiments or processes described herein may
be combined with one or more other examples, embodi-
ments and/or processes or be separated and/or performed
amongst separate devices or device portions 1n accordance
with the present systems, devices and methods.

Finally, the above-discussion i1s intended to be merely
illustrative of the present system and should not be con-
strued as limiting the appended claims to any particular
embodiment or group of embodiments. Thus, while the
present system has been described in particular detail with
reference to exemplary embodiments, it should also be
appreciated that numerous modifications and alternative
embodiments may be devised by those having ordinary skall
in the art without departing from the broader and intended
spirit and scope of the present system as set forth in the
claims that follow. Accordingly, the specification and draw-
ings are to be regarded 1n an illustrative manner and are not
intended to limit the scope of the appended claims.

What 1s claimed 1s:
1. A method comprising;
receiving a row address;
comparing the row address to a plurality of stored row
addresses, each stored 1n a respective one of a plurality
of files;
changing a voltage provided by an accumulator circuit
associated with one of the plurality of files responsive
to the row address matching the stored address by
adding an amount of charge to a capacitor of the
accumulator circuit; and
determining one of the plurality of files associated with a
maximum voltage based on a signal from a voltage to
time (VtoT) circuit associated with the accumulator
circuit.
2. The method of claim 1, further comprising decreasing,
the voltage over time by leaking charge ofl the capacitor.
3. The method of claim 1, further comprising;:
receiving a refresh signal;
providing the stored address from the one of the plurality
of files associated with the maximum voltage; and
resetting the maximum voltage to an 1nitial voltage by
discharging a capacitor of the accumulator circuit.
4. The method of claim 1, further comprising determining,
one of the plurality of files associated with a minimum
voltage based on a signal from the VtoT circuat.
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5. The method of claim 4, further comprising storing the
row address in one of the plurality of files responsive to the
row address not matching the stored address 1n any of the
plurality of files, wherein the row address 1s stored 1n the one
of the plurality of files associated with the minimum voltage
responsive to all of the plurality of files being busy.

6. The method of claim 1, further comprising providing a
match signal associated with one of the plurality of files at
an active level responsive to the row address matching the
stored row address 1n the associated one of the plurality of
files, wherein the voltage i1s increased responsive to the
match signal.

7. The method of claim 1, further comprising providing a
command signal to the VtoT circuit and receiving the signal
from the VtoT circuit following a period of time after
providing the command signal, wherein the maximum volt-
age 1s determined based on the period of time.

8. An apparatus comprising:

a plurality of files, each configured to store a row address
and a voltage associated with the row address, and
wherein the voltage 1s based on charge stored on a
capacitor;

a plurality of voltage to time (VtoT) circuits each asso-
ciated with one of the plurality of files, the plurality of
VtoT circuits configured to receive a command signal
and provide a first signal following a first time after
receiving the command signal, wherein the first time 1s
based 1n part on the stored voltage in the associated one
of the plurality of files; and

a stack logic circuit configured to determine a maximum
voltage 1n the plurality of files based on the first signals
from the plurality of VtoT circuits.

9. The apparatus of claim 8, wherein each of the plurality

of files comprises a plurality of content addressable memory

(CAM) cells.

10. The apparatus of claim 8, further comprising a plu-
rality of accumulator circuits each associated with one of the
plurality of files, each of the plurality of accumulator circuit
configured to provide the voltage associated with the row
address.

11. The apparatus of claim 10, wherein each of the
plurality of accumulator circuits includes the capacitor.

12. The apparatus of claim 8, wherein the voltage 1s
proportional to a number of times that a received row
address matches the associated stored row address.

13. The apparatus of claim 8, wherein the stack logic
circuit 1s further configured to receive a row address, deter-
mine 1f the recerved row address 1s stored in one of the
plurality of files and store the received row address in one of
the plurality of files 11 the recerved row address 1s not stored
in one of the plurality of files.

14. The apparatus of claim 13, wherein each of the
plurality of files 1s configured to provide a busy signal
indicating 1f the row 1s busy or not, and wherein the stack
logic circuit 1s configured to write the received row address
to one of the plurality of files associated with a lowest
voltage 11 all of the plurality of files are busy and to write the
receive row address to one of the plurality of files which 1s
not busy otherwise.

15. An apparatus comprising:

a file configured to store a row address and compare a

recerved row address to the stored row address;

an accumulator circuit configured to provide an accumu-

lator voltage which 1s proportional to a rate at which the
recetved row address matches the stored row address,
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wherein the accumulator circuit includes a capacitor
and the accumulator voltage 1s based on a charge on the
capacitor; and

a voltage to time (VtoT) circuit configured to receive a

command signal and provide a first signal following a
first time aiter recerving the command signal, wherein
a length of the first time 1s proportional to the accu-
mulator voltage.

16. The apparatus of claim 15, wherein a charge of the
capacitor 1s increased responsive to a match between the
received row address and the stored row address, wherein
the charge decreases over time due to a leak current, and
wherein the accumulator voltage 1s proportional to the
charge.

17. The apparatus of claim 15, further comprising:

a refresh address generator configured to provide a refresh

address based on a hit address; and

a stack logic circuit configured to provide the stored

address as the hit address responsive to a refresh signal
based, 1n part, on the length of the first time.

18. The apparatus of claim 15, further comprising a
sample timing generator configured to provide activations of
a sample signal, wherein the row address 1s received respon-
sive to the activation of the sample signal.

19. The apparatus of claim 15, wherein the VtoT circuit 1s
turther configured to provide a second signal following a
second time after receiving the command signal, wherein a
length of the second time 1s proportional to the accumulator
voltage.

20. The apparatus of claim 19, further comprising a stack
logic circuit configured to store the received row address 1n
the file based, 1n part, on the length of the second time.
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